Tubby-like proteins (TULPs) are found in a broad range of multicellular organisms. In mammals, genetic mutation of tubby or other TULPs can result in one or more of three disease phenotypes: obesity (from which the name "tubby" is derived), retinal degeneration, and hearing loss. These disease phenotypes indicate a vital role for tubby proteins; however, no biochemical function has yet been ascribed to any member of this protein family. A structure-directed approach was employed to investigate the biological function of these proteins. The crystal structure of the core domain from mouse tubby was determined at a resolution of 1.9 angstroms. From primarily structural clues, experiments were devised, the results of which suggest that TULPs are a unique family of bipartite transcription factors.
The tub gene was initially identified by positional cloning of the genetic locus responsible for the autosomal recessive obesity syndrome in the tubby strain of obese mice (1, 2) . Tub Ϫ/Ϫ mice (3) also exhibit progressive sensorineural degeneration of the retina and cochlear hair cells, the primary sensory neurons involved in hearing (4) . Similarly, mutation of the human TULP1 gene is the genetic origin of retinitis pigmentosa type 14 (RP-14), which can progressively lead to total blindness (5, 6) . These sensory defects arise as the result of neuronal cell death by apoptosis (4, 7, 8) . The tubby obesity syndrome may also arise from cell death in the appetite control center of the hypothalamus, where the tubby protein is highly expressed (5, 9) , but this has not been demonstrated experimentally.
Tubby is the founding member of a multigene protein family. At least four tubby-like proteins (tubby and TULPs 1 through 3) are conserved among different species of mammals, and tubby-like proteins are also found in other multicellular organisms (9) , including plants (1) . They have not, however, been identified in single-celled organisms. These proteins feature a characteristic ϳ270 -amino acid "tubby domain" at the COOH-terminus that does not exhibit homology to other known proteins. Most tubby proteins include NH 2 -terminal regions that, in general, are not closely related to one another. These NH 2 -terminal regions, however, are often similar in cross-species orthologs. They comprise about 180 to 280 amino acids in tubby and TULPs 1 through 3.
Recent technological developments have opened a new possibility for the application of structural biology: to efficiently answer biological questions at an early stage of their investigation, where questions of protein function are more appropriately phrased as "What does it do?" rather than "How does it do it?" (10) . The revolution in genomics has provided comprehensive lists of potential biological actors in numerous systems and organisms, and the technological revolution in crystallography, particularly in multiwavelength anomalous diffraction (MAD) analysis (11) , has enabled a quantum leap in the ease and rapidity of structure solution. Our knowledge and understanding of biological structures has expanded to the degree that visualizing the three-dimensional structure of a new protein can often point the way to biological insights that would have been difficult to find by other types of analysis (12) . We have applied such a "structure-based functional genomics" approach to tubby-like proteins. This approach enabled us to efficiently identify the likely biochemical mechanism of this protein family.
Crystal Structure of the Tubby Core Domain
As the first step in characterizing the biological function of tubby, we expressed its COOH-terminal core domain (residues 243 through 505) (Fig. 1 ) in a recombinant expression system (13) and determined its highresolution crystal structure by MAD analysis of the selenomethionyl (SeMet) protein (14) ( Tables 1, 2 , and 3). The structure reveals a striking fold in which a central hydrophobic helix at the COOH-terminus wholly traverses the interior of a closed 12-stranded ␤ barrel (Fig. 2) . This arrangement is unique among known protein structures.
The tubby ␤ barrel adopts an alternating up-down nearest-neighbor topology, such that hydrogen bonding is in the antiparallel mode for all strands. We have numbered the strands of the barrel as 1 through 12 in sequence order. Several excursions in the loops between these strands are observed. A threestranded ␤ sheet intervenes in the 9 and 10 connection, and we have thus designated these strands as 9A, 9B, and 9C. Similarly, four helices, H4, H6A, H6B, and H8, are found in the corresponding loop regions between strands of the main barrel. The barrel is slightly oblong, with C ␣ to C ␣ widths across it varying between 18 and 22 Å. From top to bottom, the barrel measures ϳ18 Å. The whole domain has maximum dimensions of 40 Å in the direction parallel to the central helix H12, and 51 Å in the perpendicular plane. Helix H0 at the NH 2 -terminus caps the top of the barrel, and the long hydrophobic helix H12 traverses the inside of the barrel from top to bottom. The possibility had previously been suggested that the H12 sequence might constitute a transmembrane domain (9) .
Helix H12 forms integral contacts in almost every part of the hydrophobic core. The crystallographic temperature factors within this region are, on average, the lowest in the structure (27.8 Å 2 for H12 compared to 41.6 Å 2 for all other regions). It is highly unlikely that this helix could adopt other conformations outside of the core. The mutation in the tubby mouse abolishes a splice donor site in the 3Ј exon, resulting in a deletion of the last 44 amino acids, which are replaced with 20 intron-encoded amino acids (1, 2) . Thus, in the tubby mouse, the entire hydrophobic core of this domain will be disrupted, and it is therefore almost certain that no functional protein can be produced in these animals.
The electrostatic surface of the protein, generated with the program GRASP (15), shows two conspicuous features (Fig. 3) . First, a groove of highly positive charge runs about one-half of the way around the barrel. This groove is ϳ50 Å long, varies between ϳ12 to 20 Å in width, and is up to ϳ9 Å in depth. There are surface contributions from strands 5, 6, 7, 8, 9 , and 10, and the groove is bordered at the top (near to the NH 2 -terminal end) by helix H8 and at the bottom by the large 7-8 loop and the three-stranded "extra" 9ABC sheet. The second notable feature is a smaller, primarily convex, patch of negative charge found on the face opposite to the center of the large groove.
Mapping TULP1 mutations (6, 16) 3 His 378 (human TULP1 numbering), convert positively charged side chains to neutral ones, suggesting an important biological function dependent on the maintenance of a positive surface. On the basis of the contiguous arrangement of these mutants, we postulated that this surface might form a protein or nucleic acid binding site.
Nuclear Localization of Tubby Protein
Although the tissue distributions of tubby and other TULPs have been investigated by Northern (RNA) blotting and in situ messenger RNA (mRNA) hybridization (5, 9) , cell type and subcellular protein localization have not been reported. To address these questions, we generated antibodies against the purified tubby COOH-terminal domain protein and used these, as well as antibodies raised against a peptide from the NH 2 -terminal region, for immunocytochemical staining and protein immunoblotting experiments (18). First, we tested, with both of these methods, for protein expression in several cell lines and tissues including kidney cells, mouse fibroblasts (L cells), hippocampal neurons, astrocytes, and the Neuro-2A cell line. As expected, tubby is expressed primarily in cells of neural origin and at low or undetectable levels in the nonneural cells that we tested. The polyclonal antibody raised against the tubby COOH-terminal domain and the NH 2 -terminal peptide antibody yield similar cell staining patterns and protein immunoblots. However, the COOH-terminal domain antibody gives protein immunoblots containing other bands near the tubby molecular weight. We presume that these are due to cross-reaction with other tubby-like proteins, which are highly related in sequence in the COOH-terminal domain.
To determine the subcellular localization of tubby, we performed immunofluorescence microscopy experiments using primary cultures of hippocampal neurons, Neuro-2A cells, and astrocytes, all of which express the tubby protein at high levels. The pattern of immunofluorescent staining suggests that tubby is localized mainly within the nuclei of these cells. These results were confirmed by subcellular fractionation of nuclei followed by protein immunoblotting, which shows that most tubby protein is in the nuclear fraction (Fig. 4) . We also performed localization studies on cells synchronized at different points in the cell cycle (18), but noticeable changes in the immunostaining patterns were not observed in these experiments.
Mouse tubby has four sequences that fit consensus patterns (19) (20) . Thus, we think it is unlikely that this corresponds to a functional (36)]. The conserved COOH-terminal "tubby domain" region is boxed in red. Regions of high sequence identity (four or more) are shaded in yellow. Human TULP1 point mutations (6, 16) are boxed in red, and the 44 -amino acid exon deletion from the tubby mouse (1, 2) is boxed in green. The observed secondary structure for this domain is shown in black with the ␤ strands of the barrel colored according to their predominant surface electrostatic potential (positive, blue; negative, red). The predicted secondary structure [PREDICT PROTEIN (37) ] for the NH 2 -terminal region of mouse tubby is colored in cyan. Regions of predicted low complexity (38) for all six proteins are boxed in pink. The relatively sparse secondary structure elements predicted for the NH 2 -terminal regions of tubby-like proteins, for the most part, are not well conserved among different family members. In combination with the abundance of low-complexity regions, which do not generally adopt stably folded structures, it is likely that these domains are largely unstructured. This is commonly observed in many transcriptional activation domains (24) . The alternatively spliced exon 5 in the mouse tubby NH 2 -terminal segment is indicated by green arrows at the beginning and end of the exon. The green bars indicate potential NLS.
NLS. However, the conservation of the other three NLS in the NH 2 -terminal region, which appears to be mostly unstructured ( Fig. 1) , argues for their functional relevance.
The Tubby COOH-Terminal Domain Binds Double-Stranded DNA
The predominantly nuclear localization of tubby led us to ask whether the function of this protein might involve interaction with DNA. This possibility was also supported by the observation that harmful mutants cluster within a positively charged putative molecular interaction site. Retrospectively, this positive groove is appropriately dimensioned for DNA interaction. We therefore tested the ability of the recombinant COOH-terminal domain of tubby to bind DNA. We assayed for DNA binding by gel-shift experiments (Fig. 5 ), using 32 P-labeled single-and double-stranded oligonucleotides of determined sequence (21) . Remarkably, tubby binds avidly to double-stranded DNA but binds very poorly to single-stranded DNA. This specificity indicates that binding is not the result of nonspecific electrostatic interactions but rather is dependent on specific determinants characteristic of double-stranded DNA. Using a simple gel-shift assay, we were not able to determine the sequence specificity of DNA binding. However, the DNA binding behavior exhibited by tubby for noncognate double-stranded oligonucleotides is typical of that observed for sequence-specific DNA Table 1 . Data statistics of the crystallographic analysis. A high-resolution native data set, four-wavelength MAD experiment on a SeMet crystal and a single data set on an iridium derivative were collected on beamline X4A of the NSLS with a Quantum 4R charge-coupled device detector. Data were integrated and merged using the HKL software suite (33) . Difference Fourier maps that were made with phasing from the iridium derivative and calculated with MLPHARE (40) were used to find the five selenium sites in the SeMet crystal. Numbers in parentheses refer to the highest resolution shell (3.11 to 3.00 Å for SeMet 1, 2, 3, and 4 and K 2 IrCl 6 , and 1.97 to 1.90 Å for the native crystal). The residual data error R sym ϭ ⌺͉I Ϫ ͗I͉͘/⌺I, where I is observed intensity and ͗I͘ is average intensity. Unique reflections for nonnative data consider Bijvoet mates to be inequivalent. binding proteins (22) . Therefore, a strong possibility exists that tubby will also bind DNA in a sequence-specific manner.
The tubby COOH-terminal domain does not resemble other known DNA binding proteins. It does not fall into any of the characterized groups, such as the helix-turn-helix or b-zip classes. We think that the tubby family defines a new class of DNA binding proteins. The lack of similarity to other DNA binding proteins does not repudiate the idea that DNA binding is a primary function of the tubby COOH-terminal domain; many DNA binding proteins recognize DNA through unique nonclassical structural motifs, including nuclear factor kappa B (NF-B) (23) and many others. A full understanding of the molecular basis of tubby-DNA interaction will require experimental structural studies of protein-DNA complexes.
NH 2 -Terminal Regions of Tubby and TULP1 Potently Activate Transcription
We next sought to investigate the function mediated by tubby-DNA binding. The NH 2 -terminal segments show considerable variability among tubby-like proteins. These domains show scant secondary structure in sequence-based predictions and contain lowcomplexity stretches of amino acid sequence. Segments of this character are unlikely to form autonomously folded protein domains. Although there is no definitive sequence relation, these segments are reminiscent of the transactivation domains of many transcription factors (24) . Thus, we formulated the hypothesis that tubby may act as a transcriptional activator.
Polymerase chain reaction (PCR) amplification of the NH 2 -terminal region of tubby (residues 1 through 242) from a mouse brain complementary DNA (cDNA) library (25) revealed the presence of two different alternatively spliced forms of the tubby NH 2 -terminal segment. One of these corresponds to the full-length NH 2 -terminal region, and the other corresponds to an alternative splice form in which exon 5 is deleted. These are the same two splice forms that were identified in an earlier study (1) .
To test whether these domains might act as transcriptional modulators, we constructed chimeric proteins in which the alternatively spliced forms of the tubby NH 2 -terminal segment were fused to the DNA binding domain of GAL4 (26) . We also made an analogous construct for the apparently unique splice form of the TULP1 NH 2 -terminal region. We then tested the ability of these constructs, transfected into the Neuro-2A neuronal cell line, to activate transcription of a reporter gene situated downstream from a GAL4 DNA binding site (18). Remarkably, the fulllength form of the tubby NH 2 -terminal region potently activates transcription of the chloramphenicol acetyltransferase (CAT) reporter over 20 times the background level (Fig. 6 ), corresponding to ϳ30% of the activation seen for a GAL4 fusion with the exceptionally strong VP16 viral activator (18, 26) . In addition, the TULP1 NH 2 -terminal region also induces transcription activation, though less potently. The alternatively spliced form of the tubby NH 2 -terminal segment lacking exon 5, however, shows much weaker activity, which is not clearly distinguishable from the background amount.
Alternative splicing within the activation domain is a common mechanism of control in Table 3 . Statistics for refinement of molecular model. Of the residues in the structure, 70.3% lie in the most favorable regions of the Ramachandran plot as defined in the program PROCHECK (41), and no nonglycine residues are in disallowed regions. R factor ϭ 100 ϫ ⌺F obs ͉ Ϫ ͉F calc /⌺͉F obs ͉, where F obs are the observed structure factors and F calc are the calculated structure factors. The crystallographic R factor R cryst is based on 95% of the data used in refinement, and the free R factor R free is based on 5% of the data withheld for the cross-validation test. transcriptional modulators (27) . Exon 5 of tubby contains sequence elements that are similar to those found in glutamine-rich transcriptional activators, such as cyclic adenosine 3Ј,5Ј-monophosphate response elementbinding protein, Sp1, and Oct-2. In addition, this segment (as well as other sequences in the NH 2 -terminal region) displays an abundance of serine and threonine residues, which are also overrepresented in many activation domains (24) . Although exon 5 accounts for only a small portion of the NH 2 -terminal region, its excision results in a drastic reduction in the ability of the fusion protein to activate transcription. It therefore seems possible that alternative splicing of these regions could provide an additional layer of regulation for transcriptional activation by tubby of its potential target genes. The ability of a protein segment to activate transcription in the GAL4 fusion assay is by no means an absolute proof of its natural function. However, we think that the sum of circumstantial evidence in the case of tubby-like proteins is highly convincing. Several factors demonstrate their similarity to other families of transcription factors. First, tubby and other TULPs contain DNA binding domains that are always situated at a protein terminus (the COOHterminus in this case). Second, disruption of the positively charged surface on this domain results in disease phenotypes, indicating the probable biological importance of DNA binding. Third, the localization of tubby is primarily nuclear. Fourth, the NH 2 -terminal regions of tubby-like proteins contain low-complexity regions, including acidic and glutamine-rich regions, reminiscent of transcription activation domains. Fifth, these regions have the ability to potently stimulate RNA transcription. And sixth, these regions are alternatively spliced in ways that radically alter their ability to activate transcription, while not affecting the overall character of the protein segment. The combination of these elements strongly suggests that tubby-like proteins constitute a unique family of transcriptional regulators.
Conclusions
The molecular architecture of tubby proteins is well suited for function in transcriptional modulation. The long positively charged putative DNA binding groove and the spatial clustering of disease mutants suggest that tubby proteins might bind DNA sequences of ϳ20 base pairs in length. Accomplishing this, however, would require substantial bending of the DNA to "wrap" partway around the tubby barrel. This leads us to speculate that the unique filled-barrel structure of the tubby DNA binding domain may be to impart rigidity for bending DNA. Many transcription factors bend DNA as a required aspect of their function. It is possible that tubby proteins will ultimately fall into this class of "architectural" transcription factors.
Our data implicate tubby-like proteins as bipartite transcription regulators that bind double-stranded DNA through COOH-terminal DNA binding domains and have transcription modulation segments at their NH 2 probe forms an anomalous secondary structure and migrates out of the gel. Similar DNA binding behavior is observed for the isolated tubby COOH-terminal domain. Other double-stranded oligonucleotides of varying sequence were also bound efficiently, and the preference for double-stranded DNA was maintained for all sequences tested. Experimental details are described in (21) .
termini. Their apparent function as transcription factors, coupled with the positions of disease mutants in the probable DNA binding groove, reveals the probable molecular basis of RP-14: DNA binding of mutant TULP1 is likely to be compromised, and hence, downstream genes required for photoreceptor survival will not be appropriately controlled.
In tubby mice, the amounts of mutant tub mRNA are much higher than that of wildtype mice (1, 2) . This suggests the possibility of a feedback regulation mechanism in the production of tubby. Similar up-regulation of a transcription factor in another disease syndrome has been seen as well (28) . The alternative splicing observed in the NH 2 -terminal activation region of tubby is also a common mechanism for the regulation of transcription factors (27) . The form of the tubby protein lacking exon 5 will presumably bind to the same DNA sites as full-length tubby. However, the shorter protein appears to be unable to activate transcription. This is reminiscent of similar transcriptional control systems in which a regulated balance is maintained between silencers and activators with DNA binding specificity for the same site. A wellknown example of such a system is the silencer NF-B p50 homodimer and the activator NF-B p65 (23) . Other control mechanisms are likely to exist; for example, it has recently been reported that tubby may be tyrosine-phosphorylated in response to insulin (29) , but the biological importance of this observation is not yet clear.
The key remaining question is, What are the genes that tubby and other TULPs activate?
The disease phenotypes resulting from mutation of tubby proteins have been attributed to neuronal cell death. In the case of TULP1, retinitis pigmentosa arises as the result of the death of photoreceptor neurons, and in tubby mice, both photoreceptors and cochlear hair cells die (4, 5) . These phenotypes were thought to have their onset at maturity (3, 4, 7) ; however, one study suggests that RP-14 in humans may arise early in life (8) , and abnormal vision and hearing responses in tubby mice can also be detected at an early age (30) . In either case, severe phenotypic defects appear to arise as the result of neuronal apoptosis (31) . Thus, it appears that the loss of function of tubby-like proteins can result in a failure of the viability of neurons. The genes activated by tubby family members may therefore be of critical importance for neuronal survival. The work presented here may provide the intellectual framework for the subsequent identification of these genes. The structure-based functional genomics approach described here demonstrates the power of applying structural methods to the study of proteins that do not have assigned biochemical functions, but are implicated through genetics or genomic screens in specific biological processes. In general, structures of such proteins will fall into two categories: (i) structures that reveal similarity to proteins of known function and (ii) structures that are unrelated to known proteins. The former type may suggest shared functional properties with their structural relatives. In the second case, of which tubby is an example, functional characteristics are more likely to be deduced not by structural similarity to other proteins, but rather through analysis of structural features (for example, the spatial clustering of mutants). This analysis can then be used as a cornerstone to guide the application of other biological techniques. Although this latter case may present greater difficulties, the case of tubby-like proteins suggests that these difficulties can be surmounted. As more protein structures become available, the power of this method should grow accordingly. (20) , conserved in all mammalian tubby proteins, which protrudes out of the barrel from the central helix. The small chemical modification of the Lys to Arg mutation and the spatial arrangement near conserved residues led us to investigate the potential of this region as an enzyme active site. Although we could not identify structural analogs of this site, or an enzyme activity, the possibility remains that this region serves an important function. 18. Cells were cultured as follows. Neuro-2A cells were cultured in a humidified atmosphere of 10% CO 2 and in 90% Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, and astrocytes were grown in 5% horse serum. Plates of astrocytes were intermittently trypsinized in 0.05% trypsin and 0.05 mM EDTA, and plated onto poly-L-lysine-coated cover slips for immunostaining. Neurons were plated at a density of 3600 cells/cm 2 on poly-L-lysine-coated cover slips in DMEM containing 10% horse serum. After 4 hours, when neurons had attached, cover slips were transferred to dishes containing a monolayer of cortical astroglia, where they could be maintained for up to 2 weeks in DMEM containing N 2 supplement, 1 mM sodium pyruvate, and 0.1% ovalbumin. Immunocytochemistry was determined as follows. Cells were fixed in 4% paraformaldehyde, delipidated in 100% methanol, permeabilized with 0.1% Triton X-100, and blocked with 5% normal goat serum in phosphate-buffered saline. After incubation for 1 hour at 37°C with primary antibody to tubby, the cells were then incubated for 30 min with a fluorescent secondary antibody ( Jackson ImmunoResearch Laboratories, West Grove, PA). Cover slips were then mounted and examined with confocal laser microscopy. For cell cycle dependence experiments, cells were synchronized at different points in the cell cycle by incubation overnight with each of the following reagents before fixation and staining: 300 M L-mimosine, 1 mM hydroxyurea, or nocodazole (1 g/ml). The immunoblotting process is described as follows. To obtain a fraction of nuclei, we incubated astrocytes and Neuro-2A cells hypotonic buffer (2mM NaHCO 3 , 1 mM MgCl 2 , 1 mM EDTA, and protease inhibitors) for 5 min on ice. The swollen cells were disrupted by Dounce homogenization. The pellet was collected by centrifugation at 1000g for 10 min. The crude nuclear fraction lysates were extracted in lysis buffer [150 mM NaCl, 20 mM tris-HCl (pH 7.5), 1% NP-40, 1% Triton X-100, 1% SDS, 2mM CaCl 2 , leupeptin (0.5 g/ml), pefabloc 0.1 mM, and aprotinin (1 g/ml)] for 30 min. Before immunoblotting, protein concentration was determined with the bicinchoninic acid assay (Pierce, Rockford, IL), and samples were run on 7.5% SDS-polyacrylamide gel electrophoresis (PAGE), transferred to nitrocellulose, blocked with 5% milk protein, and incubated overnight with primary antibody to Tubby. After secondary antibody incubation and washing, blots were developed with the enhanced chemiluminescence system (NEN Life Science Products, Boston, MA). The activation assay was performed as follows. Different domains of tubby genes were fused to the GAL4 DNA binding domain in the pM vector (Clontech). The orientation and reading frame of fusions were correct for hybrid proteins to be expressed, and sequences were confirmed by di-deoxy
